Comparison of UV-C irradiation, ozonation, and iron chelates treatments for degradation of tetracycline in water by unknown
ORIGINAL PAPER
Comparison of UV-C irradiation, ozonation, and iron chelates
treatments for degradation of tetracycline in water
A. Zio´łkowska1 • M. Margas1 • H. Grajek2 • J. Wasilewski3 • B. Adomas4 •
D. Michalczyk1 • A. I. Piotrowicz-Cies´lak1
Received: 2 December 2015 / Revised: 22 February 2016 / Accepted: 28 February 2016 / Published online: 4 April 2016
 The Author(s) 2016. This article is published with open access at Springerlink.com
Abstract The objective of this study was to propose a
method for efficient degradation of tetracycline as a water
contaminant. UV-C rays, ozonation, and iron chelates were
used for removal of tetracycline from water. Aqueous
solution of tetracycline (5 9 10-5 M) was exposed to UV-
C rays (in two doses—6 and 12 W), ozonation (at 6–12 mg
ozone), or iron chelates: iron(III) sodium ethylenedi-
aminetetraacetate, iron(III) trisglycinate, and iron(III)
citrate. For each of iron compounds, three doses were
studied: 2.5 9 10-5 M, 5 9 10-5 M, 10 9 10-5 M. The
experiments have shown that aqueous solution of tetracy-
cline (5 9 10-5 M) is immediately degraded as a result of
ozonation with 12 mg ozone. Absorbance of tetracycline
decreased from A = 0.78 to A = 0.35 after 20-min ozone
treatment of sample. The fluorescence spectra revealed the
presence of two ozone-induced TC degradation products
with fluorescence maxima at 523 and 531 nm appearing
immediately after the ozonation treatment. On the other
hand, iron(III) sodium ethylenediaminetetraacetate and
iron(III) trisglycinate gave rise to a single TC degradation
product with a fluorescence maximum at 531 nm, observed
after 10 days of the experiment. On application of iron(III)
trisglycinate, at any studied concentration, tetracycline
becomes degraded faster—in 4 days. Iron(III) citrate
degraded 90 % of tetracycline, when used at the level
10 9 10-5 M. The biggest changes in tetracycline con-
centration were obtained as a result of ozonation and iro-
n(III) citrate treatments.
Keywords Antibiotic  Contamination  Iron(III) citrate 
Iron(III) sodium ethylenediaminetetraacetate  Iron(III)
trisglycinate
Introduction
Chemicalization of industry and excessive consumption
result in mankind-producing ever-growing amounts of
chemicals and environmental contaminants. Environmental
pharmaceuticals are a rather new kind of pollutants.
Tetracyclines are present in all the elements of the
environment, even in treated sewage, and the efficiency of
their removal in sewage-treatment plants is very low (Miao
et al. 2004). Tetracyclines are among the most commonly
used antibiotics worldwide (Gu et al. 2007; O’Connor and
Aga 2007; Hao et al. 2012). Since they are poorly absorbed
and are excreted in substantial amounts in the digestive
tract of animals (about 50–80 %) with feces and urine (Wu
et al. 2011; Kong et al. 2012), tetracycline is detected in
manure and slurry. The concentrations of tetracycline in
pig manure are 23 mg/kg (Martı´nez-Carballo et al. 2007).
In fresh chicken manure, the highest detected limit of
tetracycline was 16.75 mg/kg (Zhang et al. 2008).
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Fertilization of fields with animal waste significantly con-
tributes to the spread of antibiotics in the environment
(Kwon et al. 2011), pharmaceutical factories, hospital and
municipal waste waters (Bagda et al. 2013). Environmental
tetracycline retains its antibacterial properties (Chander
et al. 2005). It was found that only 50 % of the tetracycline
in manure is degraded after 5 months, and it may be
detected in soil for periods of several months to years
(Hamscher et al. 2005; Rosendahl et al. 2012). Moreover,
tetracyclines are characterized by a strong and durable
adsorption to soil particles and are resistant to biodegra-
dation (Safari et al. 2015). Tetracycline can be taken up
from water and soil and accumulated in plants, thus
entering the trophic chains (Zhao et al. 2010; Wei et al.
2009; Zio´łkowska et al. 2015).
This new kind of pollutants can be removed from the
environment by using various sorbents or carrying out the
degradation of the pharmaceutics in the whole volume of
waste water. Among the techniques of removal tetracy-
cline-like antibiotics, adsorption is regarded one of the
most efficient. It is carried out mainly on modified acti-
vated carbons; however, due to a broad range of chemical
structures, it is not easy to find one universally applicable
adsorbent. It should be emphasized that the efficiency of
sorption depends on surface activation, active sites and
porosity, flow rate, initial concentration, external mass
transfer coefficient and pH (Saleh and Gupta 2014). A
high pH value is preferred for cationic pollutant adsorp-
tion while a low pH value is preferred for anionic pol-
lutant adsorption. Other frequently used adsorbents
include carbon nanotubes (Gupta et al. 2013), pillared
clays (e.g., bentonites; Lezehari et al. 2012). Zeolite beta
was also applied for removal of tetracyclines. The amino
functional groups of tetracycline were bound with com-
plex bonds to the surface of zeolite. Aluminum atoms of
zeolite played a significant role in this uptake. The
adsorption of tetracyclines increases with increasing alu-
minum content (Kang et al. 2011). Activated carbon from
Iris tectorum ferric nitrate (Li et al. 2013) and graphene
(Zhao et al. 2015) has also been successfully applied.
Photocatalytic degradation catalyzed by semiconductors
seems to be a particularly promising attitude (Gupta et al.
2012). However, the most frequently recommended way
of pharmaceutics degradation in waste water (even at an
industrial/technological scale) is ozonation. It is com-
monly applied for preparation of drinking water for sup-
ply systems. However, for degradation of diclofenac (a
non-steroid anti-inflammatory drug), UV treatment is
more efficient (Naddeo et al. 2012). Similarly, only a low
degree of amoxicillin mineralization was found even after
long period of ozonation treatment (Andreozzi et al.
2005). Sulfamethazine, on the other hand, undergoes a
quick degradation under ozonation treatment (Adams
et al., 2002). Ternes et al. (2003) reported that ozone
applied at the level of 5 mg/l totally eliminates (i.e.,
converts) sulfamethoxazoles in waste waters.
The objective of this study was to determine the rate of
tetracycline degradation in water treated with UV-C rays or
subjected to ozonation or aqueous solutions of iron che-
lates: iron(III) sodium ethylenediaminetetraacetate, iro-
n(III) trisglycinate, and iron(III) citrate.
Materials and methods
Tetracycline (Fig. 1), CAS number 60-54-8, C98.0 % (NT)
was purchased from Sigma-Aldrich company. All solutions
were prepared using ultrapure water (Millipore Milli-QR).
Aqueous solution of tetracycline (5 9 10-5 M) was sub-
jected to UV-C rays provided by a fluorescent tube TUU
15W/G15 T8 (Philips) at two doses (6 and 12 W). The
irradiation was carried out from the distance of 50 cm for
10 and 20 min. Another tetracycline solution, of the same
concentration, was ozonated using SPALAB ozone gener-
ator (ECO-OZON P.H.U., Poland). The ozone generation
intensity was tuned to the 50 % level (50 mg ozone/h) and
carried out for 10–20 min, which corresponded to 6 and
12 mg ozone content in analyzed samples.
Iron(III) sodium ethylenediaminetetraacetate
Na[Fe(EDTA)]3H2O (Fig. 2) was prepared by common
method (Resource Book for Sixth-form Practical Chem-
istry 2015). Iron(III) trisglycinate [Fe(III)GLY] (Fig. 3)
was synthesized according to the literature (Abd-Elmoneim
et al. 2008). The commercially available iron(III) citrate
[Fe(III)CIT] (Fig. 4) (International Enzymes Limited,
pure) was additionally purified following a patented
method (Ando and Manta 2015). The obtained compounds
were used to prepare solutions containing 5 9 10-5 M TC
and iron chelates (Na[Fe(EDTA)], Fe(III)GLY, or Fe(III)-
CIT) at 2.5 9 10-5 M, 5 9 10-5 M, or 10 9 10-5 M. The
initial pH of iron chelates was 5.0, and at the end of the
experiment, it was 6.0; the pH measurements were made
every day for 10 days.
Fig. 1 Chemical structure of tetracycline (TC)
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The absorption spectra were measured using the Carry
300 UV–Visible Spectrophotometer (Varian, Inc.). The
fluorescence spectra were measured with a Cary Eclipse
Fluorescence Spectrophotometer (Varian, Inc.) using right-
angle geometry. The excitation slit width was 20 nm, and
emission slit width was 20 nm for all measurements. With
all samples, excitation was at kexc = 360 nm. Absorption
and emission spectra were determined at room
temperature.
Results and discussion
In recent years, drugs have been detected in all major
subsystems of the environment (in soils, surface waters,
ground water, and even drinking water, in plants and ani-
mal organisms) (Liu et al. 2014). Tetracyclines are a group
of drugs widely used all over the world, both in human
medicine and in veterinary medicine. The US Environ-
mental Protection Agency (US EPA 2009) indicates that it
is not possible to remove pharmaceuticals in sewage-
treatment plants, as they lack equipment for drug removal.
Among the household/anthropogenic pollutants, drugs raise
the deepest concerns as they may contribute to the devel-
opment of antibiotic-resistant bacteria (Mohanta and Goel
2014; Sidrach-Cardona et al. 2014). Research is conducted
concerning the removal of TC from the environment.
Ozonation is one of the most common methods of water
treatment in Europe, USA, and North America (Tay and
Madehi 2015).
The use of ozonation in water treatment includes com-
prehensive oxidation pathways, which can lead to the
formation of various by-products, some of which can be
harmful to living organisms. During hydroxylation, oflox-
acin is divided at the unsaturated double bond of the
heterocyclic ring (Tay and Madehi 2015). In addition,
ozonation leads to the degradation of water solutions of
oxalic acid and oxamic acid and formation of the final
products of their oxidation (Orge et al. 2015).
In our project, we studied TC degradation during a
10 day period as a result of the following treatments:
ozone, UV, Na[Fe(EDTA)], Fe(III)TGLY, and Fe(III)CIT
at various concentrations. The breakdown of TC was
detected by determination of fluorescence and absorption
spectra of the analyzed solutions.
Absorption spectra
Figure 5a shows the absorption spectra of tetracycline in
aqueous solutions measured every day for 10 days. Two
absorption bands (I and II) corresponding to the transitions
S1 / S0 (from singlet ground state S0 to excited singlet
state S1) and S2 / S0 (from singlet ground state S0 to
excited second singlet state S2). They have maxima at a
wavelengths of kmax = 357 nm and kmax = 275 nm.
Energy level diagram for TC with transitions from ground
state S0 to S1 and S2 states is shown in Fig. 5b. Calculated
energy values corresponding to S1 / S0 and S2 / S0
transitions are shown in Table 1.
Figure 6a, b show the absorption spectra of TC sub-
jected to UV-C rays and Fig. 6c, d show the absorption
spectra of TC treated with ozone for 10 and 20 min.
Fig. 2 Chemical structure of iron(III) sodium ethylenediaminete-
traacetate (Na[Fe(EDTA)])
Fig. 3 Chemical structure of iron(III) trisglycinate (Fe(III)TGLY)
Fig. 4 Chemical structure of iron(III) citrate (Fe(III)CIT)
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Additionally, absorption spectrum of control TC solution,
not treated with ozone, is shown in these figures (the curve
labeled TC). As can see from Fig. 6a, b, UV-C irradiation
hardly affects the absorption spectrum. The ozonation
treatment, on the other hand, clearly affects the absorption
spectra of TC solutions. Absorbance of TC decreased from
A = 0.78 to A = 0.50 after 10-min ozone treatment of
sample (Fig. 6c). A large decrease in TC absorbance from
A = 0.78 to A = 0.35 can be seen, particularly after
20-min ozonation treatment of sample (Fig. 6d). These
results indicate that the degradation products are continu-
ously formed during the ozone treatment. Dalma´zio et al.
(2007) also observed a deep decrease in TC absorption as a
result of ozonation. UV absorbance can be used in a sew-
age-treatment plant as a control parameter which allows to
quickly obtain an overview of process capability and sta-
bility of ozonation (Wittmer et al. 2015). UV-C light,
wavelengths 200–280 nm, with 90 % emission at
253.7 nm, has long established applications in food surface
decontamination due to its antimicrobial capacity (FDA
2002).
Figure 7 shows changes in absorption spectra of TC
resulting from a 10-day-long treatment with
Na[Fe(EDTA)], at different TC:Na[Fe(EDTA)] ratios: a)
2:1 (CTC = 5910
-5 M:CNa[Fe(EDTA)] = 2.5 9 10
-5 M,
Fig. 7a), b) 1:1 (CTC = 5910
-5 M:CNa[Fe(EDTA)] =
5910-5 M, Fig. 7b), c) 1:2 (CTC = 5910
-5 -
M:CNa[Fe(EDTA)] = 10 9 10
-5 M, Fig. 7c). The spectrum
of pure Na[Fe(EDTA)] is also shown in each figure. The
biggest changes in TC absorption spectra are visible in
variants in which Na[Fe(EDTA)] concentration was twice
that of TC (Fig. 7c). In this variant solution, absorbance
decreased from A = 0.88 to A = 0.53. All absorption
spectral lines intersect at one isosbestic point which sug-
gests an equilibrium between two components of the
solution: TC and its degradation products. Llorca et al.
(2014) have demonstrated that the addition of 0.1 % EDTA
to a TC solution during storage at -20 C for 12 weeks did
not cause the degradation of tetracycline. On the other
hand, Wang et al. (2016) has shown that Fe(III) ions
enhanced the degradation rate of TC, oxytetracycline and
chlortetracycline by up to 20.67, 7.07 and 2.30 times,
respectively, in clean water and wastewater.
Similar changes in absorption spectra were observed in
TC incubated for 10 days with Fe(III)TGLY (see Fig. 8).
In the variant of this experiment with concentration ratio
CTC = 5910
-5 M:CFe(III)TGLY = 10 9 10
-5 M, Fig. 8c),
the absorbance decreased from A = 0.81 to A = 0.52. The
isosbestic point was seen throughout the 10-day period and
its location did not change, and it occurred constantly at
wavelength k = 393 nm. This should be interpreted again
as an indication of a state of equilibrium of TC and product
of its degradation.
The biggest changes in absorption spectra of TC solu-
tions were visible after a 10-day treatment when Fe(III)CIT
was used (Fig. 9). At the TC:Fe(III)CIT concentration ratio
2:1, the isosbestic point is very distinct (Fig. 9a). It moved
slightly toward a shorter wave length range after 4 days
(Fig. 9a). However, at TC:Fe(III)CIT concentration ratios
1:1 and 1:2, the isosbestic point becomes blurred after 4
and 3 days, respectively, and a nearly complete degrada-
tion of TC occurs and the spectra no longer resemble that
of TC (Fig. 9b, c). The solutions became turbid, as
Fig. 5 a The absorption spectra
of TC solution in water,
b energy diagram for TC
electronic band peaks.
Diagram for tetracycline
electronic band peaks. Singlet
states, S1—first excited state,
S2—second excited state, are
corresponding to TC electronic
absorption peaks shown in
a. Arrows I and II show the
transitions from singlet ground
state S0 to excited states S1 and
S2, correspondingly
Table 1 Spectroscopic data of TC absorption bands in water
solutions
Absorption band k (nm) m (cm-1) E* (eV)
I 357 ± 1 28010 ± 80 3.48 ± 0.01
II 275 ± 1 36360 ± 80 4.51 ± 0.01
E ¼ h ck energy transition from ground to excited states, h Planck’s
constant, c light velocity, m the wave number, k wavelength corre-
sponding to absorption peaks I and II
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indicated by high absorbance at wavelengths around
500 nm. The higher Fe(III)CIT concentration accelerated
complete TC degradation even further. Mixture of a
tetracycline and Fe(III)CIT is an extremely sophisticated
system (Chen 2008). TC is susceptible to various transform
reactions including isomerization, dehydration, substitu-
tion, and oxygenation. Fe(III)CIT system is light sensitive.
Despite the fact that numerous papers have been published,
concerning Fe(III)CIT speciation in aqueous solution, our
present knowledge of Fe(III) complexation by citrate anion
still remains fuzzy (Vukosav et al. 2012). Both of the
investigated compounds have multiple ionizable functional
groups, and their speciation strongly depends on pH value
of solution. It is assumed that in pure solution, tetracycline
can form several different molecular species; however, at
3.4\ pH\ 7.6 one form (described as H2L) clearly pre-
dominates (Kang et al. 2010). Any other components added
to the TC solution can significantly distort the equilibria
between different TC species. It was clearly demonstrated
for complex iron(III) ions (Wang et al. 2016). In our
experiments, pH varied within a narrow range 5.0–6.0. The
wavelength of the absorption maximum did not shift during
the experiment, which indicates that the pH value did had
no effect on the way of TC degradation. This result cor-
roborates the observation by Mojica et al. (2014) that the
pH shift within the above given limit does not affect the TC
solution absorption spectrum.
Fluorescence
The fluorescence spectrum of TC (Fig. 10a) consists of a
single band with the absorption maximum at wavelength
k = 576 nm. According to the Kasha’s rule, fluorescence
may only result from electron transition from its lowest
vibrational state S1 (Fig. 5b). Therefore, there is no sur-
prise that only one fluorescence band is observed.
Fig. 6 The changes in the absorption spectra of TC (during 10 days) after treatments: with UV for 10 (a) and 20 min (b), with ozone for 10 min
(c), and 20 min (d). Standard deviation for TC sample with UV ranged from 0.004 to 0.01, and SD for TC treated with ozone was 0.004 to 0.006
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Fig. 7 The changes of absorption spectra of TC (during 10 days) for
different initial molar concentration ratios of TC to NA[Fe(EDTA)]:
a 2:1 (CTC = 5 9 10
-5 M:CNa[Fe(EDTA)] = 2.5 9 10
-5 M), b 1:1
(CTC = 5 9 10
-5 M:CNa[Fe(EDTA)] = 5 9 10
-5 M), c 1:2 (CTC =
5 9 10-5 M:CNa[Fe(EDTA)] = 10 9 10
-5 M). Each figure is supple-
mented with a spectrum of pure NA[Fe(EDTA)]. Absorbance
standard deviation for TC sample treated with NA[Fe(EDTA)] in
ratio 2:1 ranged 0.002–0.03, in ratio 1:1 was 0.011–0.035, and SD in
ratio 1:2 ranged 0.035–0.07
Fig. 8 The changes of absorption spectra of TC (during 10 days) for
different initial molar concentration ratios of TC to Fe(III)TGLY:
a 2:1 (CTC = 5 9 10
-5 M:CFe(III)TGLY = 2.5 9 10
-5 M), b 1:1
(CTC = 5 9 10
-5 M:CFe(III)TGLY = 5 9 10
-5 M), c 1:2 (CTC =
5 9 10-5 M:CFe(III)TGLY = 10 9 10
-5 M). Absorbance standard
deviation for TC sample treated with Fe(III)TGLY in ratio of 2:1
ranged 0.005–0.04, in ratio 1:1 was 0.01–0.035, and SD in ratio 1:2
was 0.02–0.03
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Figure 10a shows the fluorescence spectra of TC not
subjected to UV-C rays measured during 10 days. Within
10 days, the fluorescence spectrum of TC solution
practically did not show any change (Fig. 10a). Figure 10b,
c shows the fluorescence spectra of TC subjected to UV-C
rays. Subjecting this solution to UV irradiation for 10 min
(Fig. 10b) or 20 min, Figure 10c did not cause any shifts in
Fig. 9 The changes of absorption spectra of TC (during 10 days) for
different initial molar concentration ratios of TC to Fe(III)CIT: a 2:1
(CTC = 5 9 10
-5 M:CFe(III)CIT = 2.5 9 10
-5 M), b 1:1 (CTC =
5 9 10-5 M:CFe(III)CIT = 5 9 10
-5 M), c 1:2 (CTC = 5 9 10
-5 -
M:CFe(III)CIT = 10 9 10
-5 M). Absorbance standard deviation for
TC sample treated with Fe(III)CIT in ratio of 2:1 ranged 0.003–0.02,
in ratio 1:1 was 0.01–0.02, and SD in ratio 1:2 ranged was 0.002–0.08
Fig. 10 The fluorescence spectra of TC in water solution measured
during 10 days: a TC not treated with UV, b treated with UV for
10 min, c treated with UV for 20 min. Fluorescence standard
deviation for TC sample not treated with UV ranged from 0 to 16,
for TC treated with UV for 10 min—from 0 to 7, for TC treated with
UV for 20 min ranged from 0 to 7
Int. J. Environ. Sci. Technol. (2016) 13:1335–1346 1341
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location of maximum fluorescence spectrum within
10 days, whereas a 10-min ozonation of TC solution
(5 9 10-5 M) resulted in a shift of fluorescence maximum
of TC solution to kmax = 531 nm (Fig. 11a). Figure 11a
shows a fluorescence spectrum of pure TC too, normalized
for the maximum fluorescence of the product. Longer
ozonation period of TC solution (5 9 10-5 M; 20 min,
Fig. 11b) resulted in a new fluorescence band of TC
degradation product, with the fluorescence maximum at
kmax = 523 nm. This degradation product turned out to be
stable within 9 days because the wavelength of fluores-
cence maximum did not shift in this period. However, a
change in intensity of fluorescence was observed (a drop to
50 %) after 10 days. It should be emphasized that the TC
solutions subjected to a 10-min ozonation treatment
apparently contained a different TC decomposition product
(with fluorescence maximum at k = 531 nm) which was
not stable, as within 9 days the fluorescence maximum of
solution shifted back by 20 nm toward the spectrum of
pure TC. Also in the case of this product, the intensity of
fluorescence decreased by 50 % during a 9-day period.
Fig. 11 The fluorescence spectra of tetracycline (TC) in water
solution measured during 10 days: a treated with ozone for 10 min,
b treated with ozone for 20 min. a was supplemented with fluores-
cence spectrum of TC not treated with ozone, normalized to
fluorescence maximum of TC treated with ozone. Fluorescence
standard deviation for TC sample treated with ozones for 10 min
ranged from 0 to 8, for TC treated with ozone for 20 min ranged from
3 to 21
Fig. 12 The changes of fluorescence spectra of TC (during 10 days)
for different initial molar concentration ratios of TC to
Na[Fe(EDTA)]: a 2:1 (CTC = 5 9 10
-5 M:CNa[Fe(EDTA)] = 2.5 9
10-5 M), b 1:1 (CTC = 5 9 10
-5 M:CNa[Fe(EDTA)] = 5 9 10
-5 M),
c 1:2 (CTC = 5 9 10
-5 M:CNa[Fe(EDTA)] = 10 9 10
-5 M). Fluores-
cence standard deviation for TC sample treated by Na[Fe(EDTA)] in
ratio of 2:1 ranged 1–15, in ratio 1:1 was 2–5, and SD in ratio 1:2 was
1–8
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Ozonation affects not only TC solutions. Many exam-
ples of other compounds are known which are degraded by
ozone. The use of ozonation in water treatment includes
comprehensive oxidation pathways, which can lead to the
creation of various by-products, some of which can be
harmful to living organisms. During hydroxylation,
Fig. 13 The changes of fluorescence spectra of TC (during 10 days)
for different initial molar concentration ratios of TC to Fe(III)TGLY:
a 2:1 (CTC = 5 9 10
-5 M:CFe(III)TGLY = 2.5 9 10
-5 M), b 1:1
(CTC = 5 9 10
-5 M:CFe(III)TGLY = 5 9 10
-5 M), c 1:2 (CTC =
5 9 10-5 M:CFe(III)TGLY = 10 9 10
-5 M). Fluorescence standard
deviation for TC sample treated with Fe(III)TGLY in ratio of 2:1
ranged 0–6, in ratio 1:1 was 0–7, and SD in ratio 1:2 was 0–10
Fig. 14 The changes of fluorescence spectra of TC (during 10 days)
for different initial molar concentration ratios of TC to Fe(III)CIT:
a 2:1 (CTC = 5 9 10
-5 M:CFe(III)CIT = 2.5 9 10
-5 M), b 1:1
(CTC = 5 9 10
-5 M:CFe(III)CIT = 5 9 10
-5 M), c 1:2 (CTC =
5 9 10-5 M:CFe(III)CIT = 10 9 10
-5 M). Absorbance standard devi-
ation for TC sample treated with Fe(III)CIT in ratio of 2:1 ranged
2–6, in ratio 1:1 was 2–7, and SD in ratio 1:2 was 2–6
Int. J. Environ. Sci. Technol. (2016) 13:1335–1346 1343
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ofloxacin is divided at an unsaturated double bond of the
heterocyclic ring (Tay and Madehi 2015). In addition,
ozonation leads to the degradation of water solutions of
oxalic acid and oxamic acid, and the final products of
organic compounds oxidate (Orge et al. 2015).
In our experiments, TC ozonation (5 9 10-5 M) gave
rise to two new bands of fluorescence with the maxima at
k = 523 and 531 nm, apparently corresponding to the TC
disintegration products (Fig. 11). Two products of TC
degradation were also observed by Dalma´zio et al. (2007),
using HPLC–UV, ESI–MS, and LC–APCI–MS methods.
According to these authors, one of TC degradation prod-
ucts is unstable and both products result from TC oxidation
by insertion of one or two oxygen atoms.
Figure 12 shows the changes of fluorescence spectrum
under the influence of Na[Fe(EDTA) in a TC solution. Flu-
orescence spectrum of the solution containing TC and
Na[Fe(EDTA) gradually shifted toward a shorter wave-
length (Fig. 12a–c) during 10 days. At concentration ratio
1:2 (CTC = 5910
-5 M:CEDTA = 10 9 10
-5 M), a new
product of TC degradation appeared, with maximum fluo-
rescence at kmax = 531 nm after 10 days (shifted by 47 nm
relative to the fluorescence spectrum of pure TC) (Fig. 12c).
This new product was clearly detectable after 9 days.
A product with similar properties was formed after
10 days in solution of TC treated with Fe(III)TGLY
(Fig. 13). It also had the fluorescence maximum at
k = 531 nm (Fig. 13c).
In solution treated with Fe(III)CIT (Fig. 14), the rate of
TC degradation was even higher. Already, at day 4 with
concentration ratio 1:2 (CTC = 5910
-5 -
M:CCIT = 10 9 10
-5 M) (Fig. 14c) fluorescence spectrum
of the solution distinctly shifted to the short-wave region—
toward the spectrum of decomposition product
(kmax = 500 nm). An almost complete TC degradation
took place, and the fluorescence spectrum lost the features
typical of a TC solution. The maximum levels of fluores-
cence and corresponding wavelengths of forming TC
degradation products are given in Table 2.
The observed shifts in fluorescence maxima (Figs. 11,
12, 13, 14) did not result from pH changes within the range
of pH 5.0 to 6.0 (that have indeed occurred) but they
clearly suggest the formation of TC degradation products.
The experiments carried out by (Mojica et al. 2014) and
verified by ourselves (data not shown) prove that the
changes in pH of TC solution without more profound
chemical modifications of this antibiotic do not result in
changes of solution fluorescence.
Metal cations Cr(III), Mn(II), Fe(III), Co(II), Ni(II),
Zn(II), Cd(II), Hg(II), Pb(II), Al(III), and UO2(II) form
stable complexes with tetracycline (Ghandour et al. 1992).
Formation of TC complexes with iron can be used for
tetracycline removal from water. Wang et al. (2015) indi-
cate that during the degradation of TC, complexes of the
antibiotic with iron (III) are probably formed, followed by
oxidation of iron (III). Fe(III)CIT complexes are very
photoreactive, and the optimum photodegradation condi-
tions are at pH 6.9 (Feng et al. 2012).
Among iron chelates used in our experiments for the
degradation of tetracycline, the most effective were
Fe(III)CIT and Na[Fe(EDTA)]. After using Fe(III)CIT
degraded TC in 90 % when it was used at the highest con-
centration (10 9 10-5 M), while the degree of degradation
caused by Na[Fe(EDTA)] was lower by over a half. The
quantum efficiency of TC solution fluorescence varied
within 10 days, depending on the properties of the TC
degradation products. The intensity of fluorescence of
products formed by the action Na[Fe(EDTA)] or
Fe(III)TGLY on TC increased only slightly within 10 days,
by 4 and 7 %, respectively. The action of Fe(III)CIT on TC
resulted in a much bigger increase of fluorescence (20 % in
10 days). The ozonation treatment, on the other hand,
resulted in formation of a different product with a fluores-
cence maximum at k = 523 nm and a drop of fluorescence
of the solution by 50 %. The quantum efficiencies of these
products fluorescence could not be precisely determined,
however, as the solutions contained detectable amounts of
unmodified TC even after 10 days of the experiment.
Conclusion
Tetracycline (5 9 10-5 M) contaminant of water can be
deactivated very efficiently by ozonation—application of
12 mg ozone resulted in immediate degradation of the
antibiotic. Within 10 days of the experiment, a 55 % drop
of TC absorbance was observed as a result of ozonation
treatment. The fluorescence spectra indicate the formation
of two TC degradation products with maxima of fluores-
cence at k = 523 nm and k = 531 nm. The product with
fluorescence maximum at k = 523 nm is stable—is not
converted into another product during 10 days.
Table 2 The decrease in absorbance of TC solution (a measure of TC









Ozone 55 ± 2 Immediatelya 523 ± 1, 531 ± 1
UV-C 3 ± 1 10 days –
Na[Fe(EDTA)] 42 ± 5 10 days 531 ± 1
Fe(III)TGLY 36 ± 3 10 days 531 ± 1
Fe(III)CIT 90 ± 8 10 days 500 ± 3
a No significant decrease was observed during the 10 days period of
observations after ozonation treatment
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The chemical treatments with iron(III) sodium
ethylenediaminetetraacetate, iron(III) citrate and iron(III)
trisglycinate were less efficient, the best of them being
iron(III) citrate which degraded tetracycline by 90 % dur-
ing 10 days of the experiment, leading to the formation of a
tetracycline degradation product with a fluorescence max-
imum at k = 500 nm. The action of iron(III) sodium
ethylenediaminetetraacetate and iron(III) trisglycinate on
tetracycline resulted in formation of a product with a flu-
orescence maximum at k = 531 nm. The degree of tetra-
cycline degradation, measured after 10 days for these
compounds, was 42 and 36 %, respectively. Our experi-
ments enabled us to follow the temporal changes in tetra-
cycline level during 10 days after ozonation or UV-C
treatment or 10 days of action of iron(III) sodium
ethylenediaminetetraacetate, iron(III) trisglycinate and
iron(III) citrate in tetracycline solution.
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